To examine the course of physiologic interactions between extravasating neutrophils and the subendothelial basement membrane, a model of the venular vessel wall was constructed by culturing human umbilical vein endothelial cells on a collagen matrix. After 21 d in culture, the endothelial cell monolayer displayed in vivo-like intercellular borders and junctions, deposited a single-layered, continuous basement membrane that was impenetrable to colloidal particles, and supported neutrophil extravasation in a physiologic manner. Using this model, we demonstrate that neutrophil transmigration in a plasma milieu was associated with a significant disruption of the retentive properties of the basement membrane in the absence of discernable morphologic changes. The loss of basement membrane integrity associated with neutrophil diapedesis was not dependent on neutrophil elastase or cathepsin G and was resistant to inhibitors directed against neutrophil collagenase, gelatinase, and heparanase. Despite the fact that this loss in matrix integrity could not be prevented, basement membrane defects were only transiently expressed before they were repaired by the overlying endothelium via a mechanism that required active protein and RNA synthesis. These data indicate that neutrophil extravasation and reversible basement membrane disruption are coordinated events that occur as a consequence of vessel wall transmigration.
Introduction
In response to an inflammatory stimulus originating within the interstitium, circulating neutrophils rapidly traverse the vessel wall of the postcapillary venule and invade the surrounding tissues (1) . To accomplish this task, triggered neutrophils adhere to the apical surface of the endothelial cell layer and migrate between interendothelial cell junctions until they arrive at the underlying basement membrane (1) . The basement membrane is a tough, thin, highly distensible matrix that maintains venule architecture (2-4), regulates endothelial cell adhesion and mitogenesis (5, 6) , acts as a depository for growth factors, proteinases, proteinase inhibitors, and thrombotic agents (7-1 1), and participates in the control of the selective filtration characteristics of the vessel wall (3, 12, 13) . As the extravasating neutrophil reaches this structural barrier, histo-logic studies have uniformly found that the cell pauses, and that its continued emigration is delayed until the matrix is successfully penetrated (1, (14) (15) (16) (17) (18) . Interestingly, microscopic examinations of vessel walls exposed to neutrophil traffic in vivo have failed to consistently identify defects or alterations in basement membrane structure (14) (15) (16) (17) (18) . The mechanisms used by the neutrophil to traverse this barrier are unknown, but the ability of neutrophils to adhere to the subendothelial basement membrane in vitro and to degrade its structural components has been the subject of a number of recent reports (19) (20) (21) (22) . However, in each of these studies neutrophils were triggered atop denuded matrices that had been deposited onto solid surfaces. Under these conditions chemotactic gradients could not be generated nor neutrophil emigration accommodated. At present, almost nothing is known with regard to the events surrounding the interaction between extravasating neutrophils and the subendothelial basement membrane in a physiologic setting (1) .
One of the primary obstacles to an in vitro analysis of neutrophil transmigration is the fact that a three-dimensional model of the vessel wall that mimics the structural and functional features of the postcapillary venule is required. Although a number of model systems have been designed to study neutrophil migration (e.g., references [23] [24] [25] [26] [27] , recent studies suggest that key structural and functional characteristics of cultured endothelial cell monolayers may have been overlooked (28, 29) . Indeed, with special relevance to studies of cell emigration, it has proven especially difficult to establish in vitro conditions wherein endothelial cells synthesize a functionally intact basement membrane (28). In the absence ofthis structural barrier, analyses of invasive processes are of questionable significance. From this perspective, we now describe a homologous, in vitro construct of the venular vessel wall in which a confluent monolayer of endothelial cells displays in vivo-like intercellular borders and junctions, secretes a singlelayered, continuous basement membrane that is impenetrable to small, colloidal particles, and supports neutrophil extravasation in a physiologic setting and manner. Using this model, we have demonstrated that (a) neutrophil transmigration across a vessel wall construct in a plasma milieu is associated with a significant disruption of the barrier function of the subendothelial basement membrane, (b) this disruptive process occurs independently of neutrophil elastase or cathepsin G and is resistant to high concentrations of either metalloproteinase or endoglycosidase inhibitors, and (c) basement membrane defects are only transiently expressed before they are repaired by the overlying endothelial cells via a mechanism that requires both active protein and RNA synthesis.
Methods

Construct ofthe vessel wall model
Human umbilical vein endothelial cells were isolated according to a modification of the technique described by Gimbrone (30) . Briefly, endothelial cells were isolated from 3-5 umbilical cords with 150 U/mg 0.05% collagenase (CLS type 3; Worthington Biochemical Corp., Freehold, NJ), pooled, and suspended in M199 (Gibco Laboratories, Grand Island, NY) supplemented with 20% pooled human serum, 2 mM L-glutamine (Sigma Chemical Co., St. Louis, MO), 100 U/ml penicillin (Pfizer, Inc., New York, NY), 50 ,ug/ml streptomycin (Pfizer, Inc.), and 0. 25 ;ug/ml amphotericin B (E. R. Squibb and Sons, Inc., Princeton, NJ). Cells were cultured in 4.9-cm2 double chamber culture dishes (Transwell 3414; Costar, Cambridge, MA) in which the polycarbonate membrane (3-;im pore size) had first been overlaid with a hydrated, type I collagen gel. Collagen was extracted from rat tails as described (31) and dialyzed overnight against a 0.05 M tris(hydroxymethyl)-aminomethane hydrochloride (Tris-HCI)-0.2 M NaCl buffer (pH 7.6) at 4VC. 1 ml of the collagen (2 mg/ml) was transferred in the cold to the upper chamber of the Transwell dish and allowed to gel for 30 min at 370C in a 95% air/5% CO2 humidified atmosphere. The collagen gels were then preincubated with culture media for 2 h before use. At ;tg/ml endothelial cell growth supplement (Collaborative Research, Inc., Lexington, MA) and 50 ;Lg/ml ascorbic acid (Sigma Chemical Co.) with media changes every 3 d (the final volumes ofthe upper and lower chambers were 1 and 3 ml, respectively). Endothelial cells formed a confluent monolayer on the type I collagen gel within 5 d. Because a serum and growth factor-supplemented medium might mimic a wound-like environment (32), the culture medium was changed to M199 containing 20% heat-inactivated plasma without growth supplement or antibiotics (33) 2 d before the cultures were used for experiments. Heat-inactivated plasma was prepared from heparinized blood (5 U/ml ofendotoxin-and preservative-free heparin; Sigma Chemical Co.) that had been centrifuged (27, 000 g for 5 min at 40C), incubated at 56°C for 40 min, and centrifuged again (27, Colloid permeability of the subendothelial basement membrane.
The ability of basement membranes to retain a colloidal pigment was determined by adding 3 ml of a 0.03% solution of monastral blue B (copper phthalocyanine with a particle size up to 500 A, [42] Migration studies. Neutrophil migration studies were initiated by placing 3 ml HBSS containing either 20% heat-inactivated autologous plasma or zymosan-activated, autologous plasma in the lower compartment of the Transwell dish and 106 neutrophils in a final vol of I ml to the upper compartment. Zymosan-activated plasma, used as a source of chemotactic activity (45) , was prepared by incubating plasma with boiled and washed zymosan particles (12.5 mg/ml plasma; ICN Biomedicals, Inc., Costa Mesa, CA) for 45 min at 370C. The zymosan particles were then pelleted (1,000 g for 5 min) and the plasma was removed, heated to 560C for 30 min, centrifuged (27,000 gfor 20 min), and sterile-filtered.
At indicated time points the number of neutrophils that were associated with the vessel wall (i.e., cells that were firmly bound to the endothelial cell surface or that had penetrated the monolayer) was quantitied by removing the medium from the upper compartment and rapidly washing the monolayer surface two times with calcium-and magnesium-free HBSS containing 5 mM EDTA. The three washes were pooled and the number of recovered neutrophils determined by electronic cell counting ( by electron microscopy appears as a bilayer of electron-dense and translucent layers (28, 47). The electron-dense layer is termed the lamina densa while the translucent layer (which can be stained with ruthenium red) is termed the lamina rara (47) . As shown in Fig. 3 A, endothelial cells cultured for 21 d on a type I collagen matrix secreted a subendothelial basement membrane that appeared by microscopy as a lamina densalike monolayer closely apposed to the abluminal surface ofthe endothelial cells. After lysis of the cells, staining of the basement membrane with ruthenium red revealed the otherwise invisible lamina rara of the subendothelial matrix (Fig. 3 B ) (47) . Scanning electron micrographs of the denuded monolayer confirmed the presence of a continuous basement membrane that could be easily differentiated from the underlying type I collagen matrix (Fig. 4) . If monolayers were cultured for < 21 d, discontinuities in the basement membrane were frequently observed (data not shown).
In vivo, the major collagenous component ofthe basement membrane is type IV collagen (12) . To Thus far, the synthesized basement membrane appeared morphologically correct and contained many of the expected structural components. However, in vivo, the basement membrane possesses a macromolecular composition that restricts the passage of 300-500 A colloidal particles from the vascular bed into the interstitium (3, 42, 50) . To ascertain whether the basement membrane synthesized by the cultured endothelial cells expressed a similar barrier potential, denuded basement membranes were overlaid with colloidal particles for 10 h, washed, and examined by light microscopy. As shown in Fig. 6 A, the pigment did not penetrate the continuous basement membrane. In contrast, when colloidal pigment was placed over a control type I collagen gel (i.e., a collagen gel placed in culture for 21 d in the absence of e'ndothelial cells), the pigment readily penetrated into the matrix (Fig. 6 B) . Taken together, these data demonstrate that the vessel wall construct has morphologic, structural, and barrier characteristics that closely mimic those found in vivo.
Barrierfunction ofthe basement membrane to extravasating neutrophils. In vivo, emigrating neutrophils invade the endothelial cell layer and pause atop the basement membrane 3 . Although a similar pattern has been reported in extracts ofsubendothelial matrices synthesized by human microvascular endothelial cells, laminin, an additional basement membrane component, cannot be readily detected on SDS gels in these or other systems (40, 41, 48 until pseudopodia begin to extend through the matrix (1, (14) (15) (16) (17) (18) . To determine whether the basement membrane synthesized by cultured endothelial cells retarded neutrophil movement in a similar fashion, the ability of emigrating neutrophils to transmigrate the vessel wall construct was monitored. In response to the addition of zymosan-activated plasma to the lower compartment, neutrophils (1 X 106) added to the upper compartment rapidly adhered to the surface ofthe endothelial cell monolayer (Fig. 7 A) . At 0.5 h, -50% of the neutrophils were vessel wall associated and after a 2-h incubation this value increased to > 80% (Fig. 7 A) . At the 2-h time point, light microscopic examination of cross-sections taken through the vessel wall construct revealed that almost all ofthe neutrophils could be found in the supporting matrix of interstitial collagen (Fig. 8) . Indeed, if the incubation time was increased to 18 h, 43.3±2.8% (n = 5) of the neutrophils continued to migrate through the interstitial collagen to eventually accumulate in the lower compartment of the culture well (the remainder of the migrated cells were trapped in the interstices of the type I collagen matrix). In contrast, if heat-inactivated plasma was added to the lower compartment, almost all ofthe neutrophils could be recovered in the fluid phase of the upper chamber (Fig. 7 A) and few if any neutrophils penetrated the endothelial cell layer (not shown).
To assess the kinetics of neutrophil migration, cell movement was quantitated by the leading front technique. As shown in Fig. 7 monolayer. The subendothelial neutrophils maintained this distinct, spread morphology for -20-30 min before they reassumed their globular shape and moved into the underlying type I collagen matrix. Because this spread morphology suggested that the neutrophils might be lying atop the subendothelial basement membrane, vessel wall constructs were incubated with extravasating neutrophils for 30 min, fixed, and processed for microscopy. Indeed, large numbers of neutrophils could be observed in the predicted position atop the apical surface of the basement membrane at this time point (not shown). Thus, the vessel wall construct supported neutrophil diapedesis in a physiologic setting and the subendothelial basement membrane acted, as in vivo, as a transient barrier to the emigrating neutrophil.
Disruption of the endothelial cell basement membrane coincident with neutrophil diapedesis. The fact that emigrating neutrophils pause at the surface of the subendothelial basement membrane has led to the suggestion that neutrophils engage in the active disruption of this barrier before penetrating into the interstitium. Nonetheless, neutrophil diapedesis has not been associated with visible changes in vessel wall structure in vivo (15) (16) (17) (18) . To ascertain whether basement membrane alterations could be detected on a morphologic level in vitro, 1 X 106 neutrophils were placed in the upper compartment of the vessel wall constructs with either heat-inactivated or zymosan-activated plasma in the lower compartment and incubated for 1 h. At the end of the incubation period the monolayers were washed, the endothelial cells were lysed in the presence of a cocktail of proteinase inhibitors, and the exposed basement membrane was examined by scanning electron microscopy. As shown in Fig. 9 A, basement membranes prepared from vessel wall constructs that had been incubated with resting neutrophils appeared completely normal (compare Fig. 4 A) . Surprisingly, basement membranes prepared from vessel walls that had been transmigrated by large numbers of neutrophils did not display focal defects despite the fact that "hillocks" formed by the underlying neutrophils could easily be discerned (Fig. 9 B) . In only one of seven experiments were well-demarcated holes in the basement membrane observed (Fig. 9 C) . However, because this was an inconstant finding, convincing morphologic evidence supporting the generation of focal breaches in the basement membrane were not obtained.
In the absence of a consistent morphologic change in transmigrated basement membranes in vivo or in vitro, one could posit that (a) the matrix behaved as a reversibly deformable latticework that the neutrophil mechanically displaced, or (b) stable matrix defects were present, but their changes either were masked during the fixation process or were too subtle to be detected microscopically. Based on the fact that the basement membrane synthesized by the cultured endothelial cells normally excluded monastral blue (see Fig. 6 A), the barrier function ofthe matrix isolated from vessel walls after transmigration was examined for structural defects that might have escaped morphologic detection. As shown in Fig. 10 , if an intact vessel wall construct was incubated with resting neutrophils (i.e., heat-inactivated plasma in the lower compartment) for 1 h, the monolayer lysed, overlaid with monastral blue for 10 h, and washed, light micrographs revealed that only small amounts of the blue pigment were associated with the surface of the denuded basement membrane. In marked contrast, if the vessel wall construct was incubated with emigrating neutrophils, the isolated basement membrane lost its ability to exclude the colloid and allowed large amounts of monastral blue to leak into the underlying type I collagen matrix (Fig.   10 ). As expected, a matrix of plain type I collagen failed to exclude the pigment and stained intensely with the blue colloid (Fig. 10) . Thus, despite the absence of gross morphologic changes, the transmigrated basement membrane had undergone a major alteration in one of its functional properties.
To accurately quantitate the colloid leak, the type I collagen supports were digested with bacterial collagenase and the amount of trapped pigment determined spectrophotometrically (see Methods). Basement membranes prepared from cultures that had been traversed by neutrophils for 1 h allowed 84.6±1 1.0 ,g of the colloid to leak into the interstitial matrix while control cultures, i.e., vessel walls incubated alone or with resting neutrophils, leaked 4.7±1.6 1Ag and 8.6±4.5 lg (mean± 1 SEM; n = 5), respectively. The permeability of basement membranes prepared from cultures incubated with zymosan-activated plasma alone or with neutrophils and zymosan-activated plasma together in the upper compartment were not different from resting neutrophil controls (data not shown).
Because monastral blue is too large to penetrate normal interendothelial cell junctions (13, 50), structural changes in basement membrane integrity could only be assessed if the underlying matrix was first exposed. Although detergent lysis of the overlying endothelial cells was chosen as the routine method for exposing the basement membrane, almost identical results were obtained ifcultures were treated with EGTA, a chelator that causes endothelial cells to reversibly retract (43). In three experiments, transmigrated cultures treated with EGTA and then overlaid with colloid leaked 68.2±4.0 Mug of monastral blue, while cultures incubated with resting neutrophils leaked 10.0±2.0 Mg (mean± 1 SEM). Thus, regardless of the method chosen for exposing the basement membrane, the barrier function of the subendothelial matrix was significantly compromised after neutrophil diapedesis.
Although the colloid leak revealed the presence of basement membrane defects, additional structural changes might have occurred in the underlying type I collagen matrix. However, in contrast with the results obtained with basement membranes, naked matrices of type I collagen that were incubated alone or with migrating neutrophils leaked identical amounts of monastral blue. In four paired experiments, naked ,r elastase nor cathepsin G activity could be implitrophil extravasation in this system. lastase and cathepsin G, synthetic inhibitors that *ected against either the neutrophil collagenolytic -inases or heparanase are not currently available. ke postulated ability of these enzymes to degrade It membrane in vivo is related, in part, to the fact contains only low concentrations of TIMP, an le to block neutrophil metalloproteinase activities" ,and plasma heparanase inhibitors have not been 2). Indeed, in other systems, the addition of re-TIMP or the endoglycosidase inhibitor, heparin, own to prevent tumor cell invasion and neutro4d heparan sulfate degradation, respectively (22, hanges in basement membrane integrity and neuzdesis were examined in the presence ofeither high ntration of 1 basement membrane defects were repairable, vessel wall constructs were incubated with resting or emigrating neutrophils for increasing periods of time (ranging from 1 to 18 h) before the monastral blue permeability of the denuded basement membranes was quantitated. As shown in Fig. 1 1, the ability of the transmigrated basement membranes to exclude the colloid was almost completely re-established within 4 h. After an 18-h incubation, the barrier function of the traversed basement membranes was no different than controls (Fig. 1 1) . As expected, resting neutrophils did not significantly alter the basement membrane's ability to exclude the colloid at any of the time points examined (Fig. 11) . Thus, the basement membrane defects induced by extravasating neutrophils were only transiently expressed before the barrier was repaired. To determine whether active protein synthesis played a role in the repair process, experiments were repeated in the presence of cycloheximide. Transmigration proceeded normally in the presence of 10 ug/ml cycloheximide and endothelial cell morphology remained grossly unchanged for at least 18 h (data not shown). However, under these conditions, the basement membrane defects were not repaired and the basement membranes remained highly permeable to monastral blue throughout the 18-h incubation (Fig. 1 1) . Treatment of the vessel wall constructs with cycloheximide alone had no effect on monastral blue permeability, and the ability of cycloheximide to inhibit matrix repair was reversed if the treated cultures were washed after 1 h of transmigration and then returned to fresh culture medium for an additional 17 h (data not shown). Finally, basement membrane repair was also prevented by allowing neutrophils to emigrate across vessel wall constructs in the presence of 10 ,g/ml actinomycin D. In these experiments monastral blue permeabilities in transmigrated cultures that had been incubated with the inhibitor for 1 and 18 h were 113.4±4.5 ,g and 1 12.4±7.6 ug, respectively (mean±l SEM; n = 3). Actinomycin D alone had no effect on colloid permeability or neutrophil migration (data not shown). Thus, the loss of basement membrane barrier function attendant with neutrophil emigration was reversible, but required both active protein and RNA synthesis.
Discussion
To examine the interaction between extravasating neutrophils and the subendothelial cell basement membrane in a physiologic setting, a homologous, in vitro construct of the venular vessel wall was developed. Although a number of in vitro systems have been described wherein endothelial cells are cultured on artificial porous supports, the endothelial cell monolayers have been reported to either contain large interendothelial cell gaps or to fail to display lateral membrane fusions (29) . In addition, the cultured endothelial cells secrete a discontinuous, multilayered, and polymorphous matrix whose barrier function would be predictably compromised (28, 29). In the face of these shortcomings, the amniotic membrane has recently been suggested as a more physiologic substratum for the culture of endothelial cells (34, 63) . However, in contrast to earlier claims regarding the utility of this model for the study of neutrophil transmigration, more recent reports have indicated that both the amniotic basement membrane and the zona reticularis act as almost impenetrable barriers to neutrophil invasion in vitro as well as in vivo (27, 64) . In light of these difficulties, we sought to design an in vitro system in which cultured endothelial cell monolayers would form a vessel wall mimic with more physiologic characteristics. The decision to use umbilical vein rather than microvascular endothelial cells in a model system for studying neutro- Figure 10 . Loss of basement membrane barrier function after neutrophil transmigration. Vessel wall constructs were incubated with I X 106 neutrophils in the upper compartment and either heat-inactivated or zymosan-activated plasma in the lower compartment for 1 h. The samples were then washed and the monolayers were detergent lysed and then overlaid with monastral blue as described. After a 10-h incubation the samples were vigorously washed and photographed. From left to right, the first well is a denuded vessel wall construct that had been incubated with resting neutrophils. Basement membrane barrier function remained intact and the colloid failed to penetrate into the type I collagen layer. The small amount of detectable pigment is solely associated with the apical surface of the denuded basement membrane (see Fig. 6 A) . The second well shows a denuded vessel wall from a transmigrated culture that exhibited a marked decrease in the basement membrane's ability to exclude the colloid. Large amounts of the blue pigment can be seen associated with the matrix. Cross-sections of the vessel wall construct demonstrated that the colloid penetrated beneath the basement membrane and that the colloid was not surface associated (not shown). In the third well a naked matrix of type I collagen was treated as described above, overlaid with pigment, washed, and photographed.
phil interactions with the postcapillary venule was based on the facts that (a) the precise vascular source of microvascular endothelial cells cannot be accurately ascertained, and (b) cultured umbilical vein endothelial cells have recently been shown to respond to a number of inflammatory mediators in a manner similar, if not identical, to that observed for the postcapillary venule (65) . A type I collagen gel was selected as the substratum of choice because it is a primary collagenous component of the interstitial matrix (12) , provides an excellent surface for endothelial cell growth (66) , and is penetrable by migrating neutrophils (67-69). As demonstrated, after a 21-23-d culture period, confluent endothelial cell monolayers displayed a number ofstructural and functional characteristics that have been described for small venules in vivo. In contrast to other models, tight junctions were routinely visible, interendothelial cell gaps were not detected,5 and the basement membrane was single-layered and appeared continuous by morphologic analysis. An additional assurance of matrix integrity was sought by determining the barrier function of the synthesized basement membrane. In vivo, colloids (either carbon black or monastral blue particles, 300-500 A) injected into the vascular bed of a normal animal do not cross vessel walls because the particles are unable to penetrate between interendothelial cell junctions (3, 42, 50) . However, after the application of a histamine-type inflammatory mediator, inter-5. In over 500 junctions examined, no gaps were found. Although we attempted to measure transendothelial electrical resistance in our vessel wall construct, the high resistance of the type I collagen-coated filters alone precluded such measurements.
endothelial cell gaps appear in nearby postcapillary venules and the circulating colloid rapidly penetrates to, but not through, the exposed basement membrane (3, 42, 50) . Given an in vivo index of basement membrane integrity, we demonstrated that basement membranes synthesized in vitro likewise prohibited the efflux of monastral blue. Taken together, these data suggest that the umbilical vein endothelial cell-type I collagen construct is a powerful tool for analyzing venule function in a physiologic setting.
In order for extravasating neutrophils to traverse the subendothelial basement membrane, it has been postulated that the cells (as well as other leukocyte populations and metastatic cells; e.g., see reference 70) actively digest the subendothelial matrix to gain access to the interstitium (1). However, despite heightened interest in the mechanisms that underlie vessel wall transmigration, it is surprising to find that the fate of the traversed basement membrane has never been resolved. Although it is often assumed that basement membrane disruption must be a necessary consequence of cellular emigration, there has been little in the way of direct evidence to support this contention. To the contrary, transmission electron micrographs of vessel walls that had been traversed by neutrophils in vivo have not revealed consistent changes in the appearance of the basement membranes (15) (16) (17) (18) . Similarly, even in our in vitro system, scanning electron microscopy of denuded basement membranes prepared from transmigrated cultures failed to identify focal matrix defects. Indeed, based on the early observation that erythrocytes could assume deformed shapes that allowed them to traverse morphologically intact basement membranes in vivo, Majno and Palade suggested that matrix structure might bear closer resemblance to a penetrable sieve 1Results are expressed as the amount of colloid (mean±1 SEM; n = 3) that penetrated a denuded basement membrane during a 10-h incubation at 4VC as described in Methods.
11 106 neutrophils were placed in the upper chamber with 20% zymosan-activated plasma in the lower chamber and incubated for 1 h in the absence or presence of 10 ,g/ml TIMP, 10 Ag/ml heparin, 2 mM benzamidine, 100 U/ml aprotinin, 10 mM e-aminocaproic acid, 0.5 mM leupeptin, 0.3 mM pepstatin, and 1 MM phosphoramidon, respectively. Control values (i.e., neutrophils in the upper chamber with heat-inactivated plasma in the lower chamber) were 43 X 103 neutrophils (n = 2), 23 Mm (n = 2), and 4.8 gg colloid (n = 2) for the number of vessel wall-associated neutrophils, leading front, and monastral blue permeability, respectively. 'DFP-treated neutrophils were obtained by pretreating the cells with 5 mM DFP for 1 h as described in Methods.
rather than an impenetrable barrier, and that matrix disruption may not be required for transmigration (71) . However, in contrast to the absence of morphologic changes, we have found that the colloid permeability of the basement mem- branes was dramatically increased after a 1-h incubation with extravasating neutrophils. Further studies have revealed that even larger increases in monastral blue permeability could be detected before the cells actually crossed this barrier; i.e., after a 0.5-h incubation with migrating neutrophils the matrix leaked 121.9±3.0 ,gg of colloid (mean± 1 SEM; n = 3). Because the disruption of basement membrane integrity occurred at a point in time where the majority of neutrophils were still in contact with the apical face of the matrix, emigrating neutrophils clearly initiated the alteration of matrix structure coincident with, and not after, penetration. Given this result and the fact that even a mechanically denuded vessel wall will retard the efflux of large macromolecules and cells from the vascular bed in vivo (3, 72, 73) , it seems reasonable to assume that basement membrane disruption is a necessary prerequisite for neutrophil emigration. Since these results predict that the basement membrane of venules surrounding an inflamed site are undergoing active perforation, it is tempting to speculate that the leakage of lipoproteins, fibrinogen, and erythrocytes into inflamed sites in vivo reflects the imperfect masking of matrix defects by the overlying endothelium (72, 73) . Finally, it should be stressed that conclusions regarding the status of the subendothelial basement membrane are quite distinct from recent reports demonstrating the ability of migrating neutrophils to alter transcellular electrical resistance (74, 75) . The electrical measurements only reflect the "tightness" of intercellular occluding junctions to small ions, and changes in electrical resistance occur independently of alterations in basement membrane integrity (13). Only if the structure of the basement membrane is directly compromised can large intravascular constituents gain free access to the interstitium (3, 72, 73) .
Given the fact that emigrating neutrophils disrupted basement membrane integrity, we attempted to identify the enzymes that participated in vessel wall invasion. Neutrophils are known to contain a large number of enzymatic activities that arm the cell with the ability to degrade connective tissueassociated proteins, glycoproteins, and proteoglycans. Although these enzymes are usually implicated in pathologic tissue destruction, increased interest has focused on the possibility that these same enzymes play a role in promoting the cell's ability to traverse connective tissue barriers (20) (21) (22) (53) (54) (55) . A role for neutrophil elastase has been particularly attractive because the enzyme is released from chemotaxintriggered cells, can mediate proteolysis in the presence of plasma proteinase inhibitors, and is able to degrade a number of the major structural and functional components of the basement membrane, including type IV collagen and plasminogen activator inhibitor (10, 21, 51, 52, 76) . Nonetheless, we were surprised to find that neutrophils pretreated with DFP, a potent serine proteinase inhibitor that drastically depressed both the cell's elastase as well as cathepsin G activities, successfully permeabilized the basement membrane and migrated normally. Although DFP would be expected to inhibit all active serine proteinases, more recent studies have demonstrated that neutrophils can also express latent plasminogen activator activity and in turn, have the ability to generate plasmin (77, 78) . Latent plasminogen activator is not affected by DFP (77) , but a range of potent, small molecular weight plasminogen activator and plasmin inhibitors all failed to impair diapedesis. Similarly, Furie et al. concluded that neither plasminogen activator nor plasmin played a role in neutrophil transmigration across a bovine endothelial cell monolayer cultured on a human amniotic membrane (27) . Thus, no direct role for elastase, cathepsin G, plasminogen activator, or plasmin could be established for either neutrophil diapedesis, basement membrane disruption, or the cell's ability to traverse the underlying interstitial collagen matrix.
In addition to the serine proteinases, the neutrophil metalloproteinases, collagenase, and gelatinase, as well as the endoglycosidase, heparanase, have also been suggested to play roles in neutrophil invasion (22, (53) (54) (55) . Gelatinase is thought to have the ability to degrade type IV collagen, and heparanase activity has been shown to correlate with the metastatic potential of tumor cells (22, 54) . In addition, these enzymes (especially gelatinase and heparanase) have attracted particular attention both because they can be easily mobilized from neutrophils and, once released, the ability of plasma inhibitors to regulate their activities is unclear (22, 53) . However, neither the addition of recombinant TIMP nor exogenous heparin exerted any inhibitory effect in our model. Although the targeted enzymes might have acted in a sequestered environment that was inaccessible to fluid phase inhibitors, it should be noted that the concentrations of TIMP used in this study are two to four times higher than those reported to prevent metastatic tumor cells from invading a denuded amniotic membrane (60), and that heparin has been reported to block neutrophil-mediated degradation of heparan sulfate localized to the subendothelial extracellular matrix (22) . Taken (79) (80) (81) (82) , but the cells are also able to rapidly reorganize basement membrane structure in a manner that alters biologic reactivity (83) . In an attempt to more directly address the role of endothelial cells in neutrophil emigration, we have recently examined the ability of denuded basement membranes to support chemotaxis (unpublished observation). In this system, neutrophils exposed to a chemotactic gradient of zymosan-activated plasma were able to adhere and spread on the basement membrane, but failed to penetrate the matrix and move into the type I collagen stroma. Whether these results indicate that endothelial cells directly participate in emigration by "preparing" their basement membrane for invasion or by providing required signals to the extravasating neutrophils is unknown (84) . Nonetheless, endothelial cells appear to act as a critical component in neutrophil emigration and their role merits further consideration.
Regardless of the relative roles of the extravasating neutrophil and endothelial cell monolayer in the disruption of the basement membrane, the defects were repairable. Because the barrier function of the basement membrane was rapidly reconstituted after a continued incubation period, we considered the possibility that the neutrophil might have mechanically forced its way though a gel-like barrier that spontaneously reannealed. Indeed, in data not shown, neutrophil transmigration was not associated with the release of basement membrane fragments from radiolabeled cultures or by marked changes in the distribution of proteins extracted from the matrix after analysis by SDS-PAGE (unpublished observations). However, even in the absence ofbiochemical indices of matrix disruption, the lateral organization of the type IV collagen network (85) and the known resistance of the basement membrane to mechanical damage (2) (3) (4) 47) would suggest that this barrier is not easily penetrated. More directly, the fact that barrier function could not be re-established if transmigration proceeded in the presence of cycloheximide or actinomycin D strongly suggests that structural damage had occurred and that active protein and RNA synthesis were necessary for the repair of the matrix defects. Although neutrophils themselves are able to synthesize at least one connective tissue protein (i.e., fibronectin; reference 57), the fact that few, if any, leukocytes remain associated with the basement membrane during the period of repair render this possibility unlikely. Additional studies are underway in our laboratory to identify the structural composition of the matrix defects and the identity ofthe products synthesized by the transmigrated endothelial cells.
In summary, we have constructed a model of the venular vessel wall and demonstrated that transmigrating neutrophils participate in the transient disruption ofthe barrier function of the subendothelial basement membrane. As in all in vitro systems, a final question arises with regard to whether neutrophils mediate similar changes in basement membrane structure in vivo. Interestingly, an almost forgotten study published 25 years ago demonstrated that the normal in vivo impenetrability of the basement membrane to colloid efflux could be compromised if neutrophils were triggered to extravasate across venules whose endothelia were simultaneously retracted by a local injection of histamine (86) . These findings are entirely consistent with the conclusion that neutrophils actively disrupt and alter the subendothelial basement membrane both in vitro and in vivo. The identification of the processes that regulate the disruption and repair of the subendothelial basement membrane during neutrophil emigration should provide new insights into the regulation ofthe inflammatory response. Furthermore, the possibility that the mechanisms used by the neutrophil to traverse the vessel wall might serve as a prototype for the processes used by other normal and abnormal emigrating cell populations (e.g., lymphocytes, endothelial cells, and tumor cells) deserves careful consideration.
